 Detailed study on transient heat transfer of an adsorbent coated heat exchanger.
INTRODUCTION
Adsorption/desorption cycle is widely used as a thermal vapor compressor in chiller [1, 2] , desalination [3, 4] , and gas storage applications [5, 6] , owning to its green nature of being waste heat driven, environmental benign and elimination of major moving parts. The cycle is achieved by periodically cooling and heating solid adsorbents in a gas (known as adsorbate)
surrounded environment, through fin-tube heat exchangers where the adsorbents are embedded between fins.
To date, however, the design of adsorbent embedded heat exchangers relies on designers' skilled art. Understanding and development of the adsorption heat transfer are rarely found in the literature. Many researchers simulate highly transient performance of adsorption /desorption beds by using a constant heat transfer coefficients [7] [8] [9] [10] [11] . Mayer et al. [12] , Bjurström et al. [13] , Tsotsas and Martin [14] , Murashov and White [15] , and recently Yan et al. [16] characterize the adsorption heat transfer by focusing on the thermal conductivity of the adsorbents. However, Freni et al. [17] pointed out that the thermal conductivities of the CaCl 2 /SiO 2 and LiBr/SiO 2 composite sorbents was considerably affected by the amount water adsorbed. A constant conductivity value could yield error as big as 30% in the cooling power calculation of the adsorption chillers.
This encourages the authors of the present work to study in detail the transient adsorption heat transfer behaviors instead of the thermal conductivity of adsorbent [18] [19] [20] [21] with motivations as follows. Firstly, the adsorption heat transfer processes are highly dynamic, accompanying with temporal variations of adsorbate uptake, heat flux and system temperature, etc., whereas the thermal conductivity measurement is normally conducted in steady state conditions. It is insufficient to quantify a transient process with steady state values. Secondly, the adsorption processes involve several parallel phenomena, including heat generation from the phase change of the adsorbate, conduction through the adsorbent material, and convective interaction with the surrounding gases. The thermal conductivity only plays part of role in the overall processes. Last but not least, the measurement of the thermal conductivity cannot reveal the effect of the adsorbate mass transport, like uptake kinetics and diffusivity in the adsorbent, which are rather influential to the heat transfer processes. The transient heat transfer coefficient, in contrast, is measured in the conditions of industrial applications and able to accurately quantify the overall adsorption heat transfer processes.
EXPERIMENTAL SETUP AND PROCEDURES
An experimental apparatus was designed to study the transient adsorption heat transfer behaviour of silica gel in a single component environment, as schematically illustrated in The water adsorption heat transfer measurement of the silica gel was conducted at several cooling water temperatures. Prior to each test, the silica gel was regenerated by circulating 90 o C hot water into the heat exchanger tubes, and operating the vacuum pump to extracts moisture desorbed from the adsorbent. After the silica gel is sufficiently dry and vacuum is established in the adsorption chamber, the cooling water is supplied to the heat exchanger.
The adsorption processes were started when the system reaches steady state. The testing conditions of the experiment is summarized in Table 1 . Heat leak of the adsorption chamber was quantified in the experimental conditions. It was tested by naturally cooling down the system from full regeneration conditions at 90 o C and vacuum. No adsorption / desorption is involved in the cooling process. Temperatures of the heat exchanger materials (tube, fins and silica gel layers), and the experiment room were recorded. The heat loss for a particular temperature difference between the heat exchanger and the room equals to the temporal temperature gradient of the heat exchanger thermal mass.
GOVERNING THEORIES

3.1.The Heat Transfer System
An adsorbent embedded heat exchanger consists of four thermal layers, i.e. adsorbentadsorbate interaction, conduction through the fin, the tube wall, and convection between the inner tube wall and cooling water bulk flow. Each layer possesses not only thermal resistance, the thermal mass can neither be ignored in conjunction with the dynamic heat and mass transfer nature of an adsorption process. In particular, the adsorbent-adsorbate interaction layer involves several parallel events, including the phase change of the adsorbate that results in heat generation, the conduction through the adsorbent solids and vapor that fills up the void space, as well as the contact resistance in between the substances and metal fins. A separate analysis of each parallel phenomenon is rather complicated due to the interlacement among the phenomena and inhomogeneity at different locations. Hence, we propose a single term to study the net influence of all the parallel phenomena, named as local adsorption heat transfer coefficient, and defined as the amount of heat flux across the temperature difference between the fin surface and the average of the adsorbent-adsorbate interaction layer.
3.2.Overall Heat Transfer Coefficient
Due to the transient nature of the adsorption processes, the overall heat transfer coefficient (U) of the adsorbent embedded heat exchanger is calculated as below,
where T ads denotes an average instantaneous temperature of the adsorbent-adsorbate layer. It is noted that in the right hand side of the equation, the value of T ads and T o,cw are changing with respect to time.
3.3.Resistances of the Thermal Layers
Overall heat transfer resistance
Concerning transient heat transfer in each thermal layer, the net amount of heat passes through the layer is equal to the total entering heat minus the heat reserved in the layer's thermal mass. The temperature difference between boundaries of the layer in the heat transfer direction is created as the net heat flow is resisted by the thermal resistance. Particularly to the adsorbent-adsorbate interaction layer, the temperature difference is calculated from the following equation:
where, the effective specific heat capacity of the adsorption system, Cp ads , is,
and, the amount of net heat entering the adsorbent-adsorbate system, Q eff , is the total effect of heat of adsorption, vapor superheating and heat loss to the surrounding, and expressed as, 
In the two equations above, the instantaneous uptake of the adsorbate q, the rate of uptake dq dt , the heat of adsorption Q st,ads, and the adsorbed phase specific heat capacity of the adsorbate Cp α are related to the characteristics of the adsorbent-adsorbate pair, and calculated using theories listed in Table 2 . The superheating term, Q superheating, concerns the temperature raise of the vapor from the evaporator to the adsorption chamber. 
The overall transient thermal resistance can be obtained as below, 
For turbulent boundary layer formed near the tube inner wall at Reynolds number between 3000 and 10 6 , Gnielinski's correlation can be applied to predict the value of h t,i [24, 25] .
The Nusselt number Nu is calculated from an empirical relation,
where, f is friction factor for a smooth wall given by Petukhov's formula 
where, h t,ads represents the local adsorption heat transfer coefficient from the fin surface to the average of the adsorbent-adsorbate layer. For the plain fin-tube type heat exchanger, its heat transfer surface efficiency can be determined from Schmidt equations listed in Table 3 
Rearranging Equation 12, h t,ads can be computed from the overall heat transfer coefficient, thermal masses and resistances of other thermal layers with established theories. Figure 3 summarizes the thermal resistances of the adsorbent embedded heat exchanger in a typical adsorption heat transfer process. 
RESULTS AND ANALYSIS
4.1.Overall Performance of the Heat Exchanger
The transient nature of adsorption heat transfer process comes from a decaying rate of mass transport as the adsorbate uptake approaches saturation. Due to the affinity of the silica gel to the water vapour, a strong driving force is created to migrate the vapour from evaporator to the solid surface, and release the heat of adsorption which is usually bigger than the latent heat of the adsorbate [23] . The heat is rejected to the cooling water circulating through the heat exchanger tubes. the heat exchanger η (shown in Table 3 ) simultaneously. Table 4 listed the specification of the heat exchanger.
The results of temporal surface efficiency of the heat exchanger during adsorption processes are shown in Figure 6 . The efficiency increases with time and stabilizes at 95%
after 150 s for all the cases. The deviation takes place in the early period of the processes in which a lower temperature delivers comparatively higher efficiency. Figure 7 shows the local adsorption heat transfer coefficient in the same conditions. However, an opposite trend with respect to temporal changes is evident between the local and overall values, and emphasized in Figure 8 using a typical cooling water inlet temperature of 30 o C. The local heat transfer rate is highest at the beginning of the process, whereas overall transfer rate is suppressed.
This deviation implies that thermal inertia is encountered along the heat transfer path. To further investigate the deviation, it is necessary to understand the temporal thermal resistance of each layer. tolerance. Adding the uncertainty of the data logging sampling frequency, the total timerelated uncertainty is 0.045 s, which incurs 0.48% error to the heat transfer coefficient.
PREDICTION OF LOCAL ADSORPTION HEAT TRANSFER COEFFICIENT
5.1.Derivation of correlation
In the content below, effort is made to derive a transient correlation to predict the local adsorption heat transfer coefficient from heat exchanger geometries and adsorbent-adsorbate pair properties. 
Regroup the parameters by introducing dimensionless groups. Define Biot number:
Fourier number: 
Equation 17 can be simplified as:
To further simply the equation, a new dimensionless group is introduced in the present work, namely adsorption number. It is defined as,
The numerator in this expression calculates the total heat of adsorption released from initiation of the adsorption till saturation. The denominator describes the amount of heat reserved in the adsorbent-adsorbate system from initiation to reach fin surface temperature.
The ratio of the two quantities reflects the magnitude of the heat of adsorption being accumulated inside the adsorbent-adsorbate interaction layer during adsorption processes.
Large adsorption number implies fast heat transfer out of the system.
Hence, the equation to predict the transient local adsorption heat transfer coefficient is, Table 2 . The parameters substituted in the calculation are summarized in Table 5 [30] .
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The results of the prediction from Equation 23 are illustrated in Figure 14 
